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Increased functionality demands in today’s electronic devices drive the need to make 
power modules as small as possible. Power needs vary on the board depending on the 
applications, varying from high-performance computing, artificial intelligence, data 
servers and centers. Since there is an integration of components with different voltage 
requirements on the same board, power modules are assembled on the package to deliver 
differential voltage. When the power module is integrated with the processor, it is known 
as Integrated Voltage Regulator (IVR).  Miniaturization and integration of the module 
closer to the load not only increases the power delivery network, but also reduces the 
associated interconnection lengths and parasitics. Package integration so far has focused 
majorly on the embedding of active components. Inductors, one of the key components of 
the power module responsible for energy storage are also the bulkiest. Therefore, 
embedding of inductors must be the focus, allowing proximity to ICs thereby increasing 
the power module efficiency. 
Modules containing IVRs with integrated magnetic cores have shown higher 
efficiencies as compared to the traditional surface mount inductors. This is because of the 
low power density and large sizes of the on-chip inductors. Embedded magnetic core-based 
inductors can lower the losses by integrating closer to the processors. However, most of 
the magnetic materials available for inductor technologies suffer from high losses (due to 
low permeability, eddy currents, proximity effects) and cannot deliver the required high-
power densities and current handling. 
 
 xvi 
This work starts with discussing the role of inductors in IVRs. It reviews the state-
of-the-art inductor fabrication technologies, properties of materials that affect inductor 
performance and the different topologies that can be explored for embedding inductors in 
the substrate. The required inductor performance for achieving a 95% IVR efficiency for 
high voltage single-step conversions of 48V to 1V and 12V to 1V, and low voltage 
conversions of 3.3V to 1V and 1.7V to 1V.  
The objective of this research is to model, design and fabricate substrate-embedded 
inductors with high inductance density and low DC resistance for low (1-10 MHz) and 
high frequency (100-140 MHz) applications. Materials with high permeability at low 
frequency are designed for high power handling capabilities, and low permeability 
materials with high frequency stability are designed for high frequency applications. 
Toroid-based composite inductors were designed to achieve high-inductance densities and 
low DC resistance for low and high frequency ranges. These structures were fabricated by 
a modified Semi-Additive Patterning (SAP) process. These structures are shown to have 
ultra-thin form factors (< 200 microns), capable of achieving high inductance densities of 
up to 20 nH/mm2 and DC resistance less than 20 mΩ for single inductors. Combination of 
the designed materials and toroidal design for coupled and tapped inductors can provide 






CHAPTER 1. INTRODUCTION 
1.1 Evolution of integrated power modules 
Smart, wearable and flexible electronics are the upcoming electronic devices which 
are pushing for higher functionalization, with miniaturization at low cost. This requires the 
integration of multiple technologies such as Radio Frequency (RF), Micro-Electro-
Mechanical Systems (MEMS), analog, digital and sensors into one package. With higher 
functionality, there is a need for higher power storage and conversion circuits. This leads 
to a decrease in the available system area and requires the integration of devices with 
differential voltage levels in the same package [1, 2]. To achieve this, various power 
converters are incorporated in the system. A converter system consists of active 
components such as switches and diodes on power management integrated circuits (PMIC), 
that are integrated with passive components namely, capacitors and inductors, together 
known as a power module. When the power module is integrated with the processor, it is 
known as Integrated Voltage Regulator (IVR).   
The first conventional power converter was a discrete power module which was 
manufactured by Texas Instruments with 10 discrete components mounted side by side on 
a FR4 substrate as shown in Figure 1.1. The system is limited due to large passive 
components and interconnect parasitics. 
 
Figure 1.1: Discrete DC-DC converter module [3] 
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Today, there is a need for multiple power converters, to power different functional 
blocks of the system, each requiring several passive components used to create a stable 
power supply. This leads to many challenges in miniaturizing the system while maintaining 
efficient power management [4, 5]. This was initially tackled by embedding of active 
components in the package, first shown by TDK who demonstrated a 60% reduction in the 
PCB real estate [1].  
In recent times, there has been a gradual shift from discrete power modules to power 
supply in package (SIP). This architecture integrates one or more passives into the same 
package as that of the PMIC, either in a 2D or 3D stacking structure [3]. Another 
architecture developed is a chip-scale package, with passives assembled on a chip-scale 
PCB with embedded PMICs. It uses a thin Si-die embedded in an organic core with power 
components mounted on the top. Figure 1.2 shows the schematic of TI’s package.  
 
Figure 1.2: TI’s module with embedded die and power components [6] 
 
But despite these developments, there remains a limitation in the degree of 
miniaturization that can be achieved because of limited integration of components in a side-
by-side 2D package. Inductors, the largest components in the module [3] are designed to 
have a large surface footprint and thickness to accommodate the required currents and 
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offset lower efficiency. This leads to long interconnections and high associated parasitics. 
In order to further the miniaturization and thereby improve efficiency, these inductors must 
be embedded. This leads to lower losses, more efficient power delivery network 
supplemented by shorter interconnections and lower parasitics.  Therefore, a transition to 
3D stacking package with embedded inductors in completely integrated voltage regulators 
can overcome the limitations. This evolution of embedding of components in a power 
converter is shown in Figure 1.3.  
 
Figure 1.3: Evolution in miniaturization of integrated power modules 
 
The focus of current research is towards the development of embedded inductors 




1.2 Emergence of inductor embedding 
In power modules with switching regulators or hybrid converter topologies, 
capacitors and inductors are the primary passive components in the modules. While several 
advances were reported in capacitor technologies [7–9] to reduce the thickness profile for 
easier substrate integration, inductors have been lagging. There are currently four 
approaches to inductor fabrication: (i) discrete inductors (ii) inductors in package (iii) 
inductors in substrate and (iv) air core inductors. The inductors with the thinnest profile 
thus far when packaged separately has been demonstrated by Murata with a thickness of 
400 μm. These inductors also lack copper terminations which creates additional problems 
with respect to assembly and reliability due to solder cracking resulting from coefficient of 
thermal expansion (CTE) mismatch. On-chip inductors were demonstrated by Tyndall as 
shown in Figure 1.4 (a) which mimics power supply on chip structure with a high 
inductance density, but low current handling due to inductors being in the form of thin 
films [10].  
Inductors in package was first demonstrated by Sumida’s power structure in inductor 
which consists of an embedded coil inductor structure occupying one half of the magnetic 
core, with the active components embedded in a cavity under the inductor in the other half 
of the core. Since the inductor volume in such a structure can be as large as the package 
itself, it shows a high current handling, low DC resistance and a 2.8% increase in efficiency 
with 3-5 A of current [11]. This structure is seen in Figure 1.4 (b). Inductors embedded in 
a substrate showed a shielding effect induced by FR4 epoxy layers surrounding metal-flake 
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composites that acted as the substrate. The 4-layer structure as seen in Figure 1.4 (c), was 
demonstrated by Virginia Tech showed an efficiency of 85% [12].  
 
Figure 1.4: Inductor fabrication approach (a) Tyndall's on-chip inductors [10] (b) 
Sumida's inductor in package architecture [11] (c)  Inductors in PCB substrate [12] 
 
Instead of integrating inductors into the substrate, a more common approach is to 
form the inductor directly into the substrate to further reduce the module size. These are 
called formed inductors. The foremost formed inductor is Intel’s air-core inductor in the 
Fully Integrated Voltage Regulator (FIVR). However, since the magnetic loop is enclosed 
in air, the inductance density is low, degrading the efficiency [13]. To offset the loss, higher 
number of windings and coil length is required which in turn increases the DC resistance. 
Figure 1.5 shows integrated air-core inductors by Intel.  
 
Figure 1.5: Integrated air-core inductors in process packages [13] 
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Incorporating magnetic materials as cores in formed inductors can improve the 
inductance while reducing the DC resistance. The magnetic flux is enhanced by the 
magnetic particles without the need for a greater number of windings. However, there are 
two main barriers to the embedding of inductors in magnetic core substrates. The first 
being, magnetic materials are usually unstable at higher frequencies. Magnetic materials 
are characterized by permeability which has two parts to it: 
 𝜇𝜇 = 𝜇𝜇′ + 𝑖𝑖𝜇𝜇" (1) 
where, μ’ is the real permeability and μ” is the imaginary permeability. As the frequency 
increases, the eddy current and ferromagnetic resonance loses increase, due to which the 
real permeability starts to decrease and the imaginary permeability increases. This creates 
a situation like the air-core inductors. With increased needs for higher operation frequency 
and higher switching needs like 48V-1V, inductors with high inductance at high frequency 
are needed.   
The second barrier is the saturation current of the magnetic materials, which directly 
impacts the current handling. Under external applied magnetic field (H), magnetic 
materials are magnetized resulting in an induced flux density (B), where increasing H field 
would lead to increase in B field. When the external field reaches the anisotropy (Hk), any 
further increase in H field would not lead to any increase in B field. Then, the material is 
said to reach the saturation state. The flux at saturation is known as Ms (saturation 









The permeability decreases dramatically as the material approaches the saturation state. 
The H field is generated when current is running through the copper windings of inductors. 
Larger currents lead to stronger magnetic fields. With a stronger magnetic field, magnetic 
cores are saturated easily, resulting in small permeability and inductance. To avoid 
saturation, advanced materials and appropriate inductor designs are needed.  
Therefore, the requirements of miniaturization, high power efficiency and the 
limitations of magnetic materials as cores, lead to the objectives for this work as discussed 
in the next sub-section. 
1.3 Research objectives 
The primary objective of this work is to design and demonstrate miniaturized, 
substrate-embedded inductors with high inductance density and low DC resistance for low 
frequency (1-10 MHz) and high frequency (100-140 MHz) integrated voltage regulators. 
It also establishes the ideal material properties for ultra-high efficiency inductors. The 
metrics required to achieve the desired goals along with related prior art, main technical 






Table 1.1: Research objectives beyond prior art, technical challenges and associated 
research 
 
1.4 Technical challenges  
The performance of magnetic inductors in power electronics is controlled largely by 
the permeability and loss tangent of the magnetic core used. This is given by equation (3): 
 




Where, N is the number of coil turns, wm, lm and tm are the width, length and thickness of 
the magnetic core respectively. If a high permeability material is used for fabricating the 
inductor, it can result in a high inductance density keeping the number of windings same, 
provided it has low losses at the desired frequency of operation. However, this 




1. Magnetic material limitations: Inductors are primarily an energy storage device. This 
energy is given by Equation (4): 




Where, L is the inductance and i is the current through the windings. When current 
passes through the windings, some energy is dissipated as heat due to the resistance of 
the copper windings. This reduces the efficiency of the inductors. Therefore, the ratio 
of inductance to DC resistance (L/RDC) is the figure of merit (FOM) usually used to 
define the efficiency of an inductor. High permeability materials can be used to give a 
high L/RDC ratio without increasing the number of windings. However, most of the 
materials used so far are limited in thickness to a few microns since they are deposited 
by thin-film technologies like sputtering (physical vapor deposition (PVD)). Due to the 
small thickness, these materials cannot be used to form the thick copper windings that 
are needed for a high L/RDC value. Most applications use ferrites as the core, which have 
high resistivity and low eddy current loss, but have low Ms of 0.1-0.3 T [14]. Metal 
alloys have high Ms (0.8-0.3 T) but have low resistivity which leads to high losses [15]. 
Sputtered nano-films have permeabilities above 200 and an Ms of 2 T, but inadequate 
thickness of sputtered films make them unsuitable for power electronics applications 
[16]. It is observed that the high DC resistance eliminates the benefit of high inductance. 
Therefore, there is a lack of high permeability, high magnetization saturation, and low 
loss materials in the range of 100-300 microns for embedded inductors over a range of 
frequency from 1-100 MHz. 
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2. Inductor topologies for high-current handling: Saturation of magnetic cores is a 
major concern to the performance of inductors. As the load current increases, the 
inductance of the structure to power the module reduces. However, at high inductances, 
the cores saturate faster, which in turn reduces the permeability. This reduction in the 
relative permeability degrades the inductor performance. Therefore, inductor topologies 
must be designed such that early saturation can be avoided. Three different topologies 
can be explored, namely: planar, solenoid, toroid, each with its set of advantages and 
disadvantages. Planar topologies have high inductance density but low DC resistance. 
This is because of the random orientation of the magnetic field in the core. Solenoid and 
toroid inductors show good current handling with high efficiency because the magnetic 
field is enclosed in the core itself. Another important consideration in topology design 
is the hard and soft axis of the core material. In such cases, the inductor must be designed 
to work at maximum efficiency along the high permeability (hard axis). The lack thereof 
of topologies that suit magnetic materials to extract high inductance at low thickness 
profiles is a major challenge. 
3. Fabrication and integration: The third objective is to miniaturize the power module. 
This entails embedding inductors into the substrate with a thickness of less than 500 μm. 
As explained before, the state-of-the-art inductor fabrication approach assembles them 
as surface mount inductors. This leads to long interconnections length, high associated 
parasitics and large real estate footprint, which results in high DC resistance and low 
efficiency. Therefore, advances in processes are required in order to fabricate the 
“formed” embedded inductors. One of the key challenges in the processing of inductors 
is to realize fully filled and/or conformal windings around the core material. Integration 
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is easier for thinner conformal windings, however since one of the objectives is to lower 
the DC resistance, thicker windings is a necessity for inductors. If the vias are not fully 
filled or the windings are not conformal, it results in an increase of the DC resistance. 
Additionally, the thickness of the magnetic core affects integration because formation 
of void free and uniform windings for higher aspect ratio is a bigger challenge [17]. 
1.5 Unique approach addressing technical challenges  
The technical challenges in achieving ultra-high efficiency substrate embedded 
inductors for miniaturized power modules as described in the above section need to be 
addressed to realize the target objectives. The direct fabrication of such a formed inductor 
is achieved through the following tasks:  
(i) Model and characterize magnetic materials with medium permeability and good 
stability at high frequencies 
(ii) Design embedded inductor topologies that can give high inductance, high current 
handling and good stability according to the magnetic core properties 
(iii) Develop innovative processes for fabricating and integration of inductors for 
miniaturization. Figure 1.6 shows the unique approach for meeting the target 
objectives set in Section 1.3.  
As discussed in Section 1.4, ferrites have been the most used core till now. However, 
they suffer from high eddy current losses. There has been a gradual shift towards other 
materials such as nanocomposite films, alloys and metal-polymer composites (MPC). 
MPCs are composed of an epoxy resin filled with magnetic particles, which can be in the 
form of spheres, flakes or cylinders.  The filler loading and filler shape have been optimized 
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while designing the material to have a target permeability for a frequency application. In 
this work, two materials have been modeled, one for low frequency (10 MHz) and one for 
high frequency (100 MHz) applications. These materials show lower eddy current losses 
because the permeability is suppressed in the metal fillers as compared to a bulk metal.  
 
Figure 1.6: Unique approach for embedded inductors with magnetic cores for ultra-
high efficiency inductors                                                                               
 
Benefitting from this property of MPCs, inductor topologies can be designed as per 
the permeability of the material ranging from 1-100 MHz. The structures developed are 
planar, solenoid and toroid, out of which the toroid is shown to have maximum inductance 
and performance efficiency. Figure 1.7 shows the planar and 3D (solenoid and toroid) 
structures that have been designed and fabricated in this work. 
As shown in Figure 1.6, the proposed structure consists of an MPC core that acts as 
the main substrate for the inductor structure. The core is laminated between layers of 
dielectric. The thickness of the magnetic layer controls the amount of dielectric to be used 
such that the skin depth effect is minimized. This reduces the eddy current losses and 
enhances frequency stability. The polymer dielectric acts as an insulating layer as well as 
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an adhesive to stack layers of different thermal expansion coefficients (CTE) in order to 
form the copper windings around the core material. The windings around the magnetic core 
are the most important and need to be conformal for good electrical characterization.  
 
Figure 1.7: Schematics of inductor designs: (a) planar inductor (b) 3D (solenoid and 
toroid) inductor 
 
This work demonstrates embedded inductors for low and high frequency 
applications. It compares the performance of the three topologies designed and establishes 
the toroid inductor as the best in terms of performance for IVRs. It also shows the effect of 
different filler loadings on the electrical performance and frequency stability of inductors. 
1.6 Dissertation outline  
This thesis document is divided into six main chapters. Chapter 1 introduces the 
power module, integrated voltage regulators, inductor architecture evolution, research 
objectives, challenges and unique approach to address the technical challenges.  
Chapter 2 presents the literature review of the state-of-the-art inductor technologies. 
It also discusses the fundamental structure and properties of various magnetic materials 
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used as inductor cores and their challenges.  The next 3 chapters discuss the research tasks 
associated with the objectives, which address the respective technical challenges.  
Chapter 3 describes the properties of magnetic core materials in order to achieve the 
target specifications. This is followed by design of a material with the required properties 
and describes how the magnetic properties of the material affect the electrical performance 
of the embedded inductors. It also includes the characterization of materials for low and 
high frequency applications.  
Chapter 4 describes electromagnetic (EM) based modeling techniques used to 
simulate various inductor topologies, namely, planar, solenoid and toroidal structures that 
can be embedded to achieve miniaturization at high power efficiency. This chapter also 
discusses the advantages of toroidal inductors over other topologies.  
Chapter 5 presents the fabrication and characterization of the EM modeled 
topologies. The complete process details and structural characterization of the fabricated 
inductors are described in this chapter. The inductance and DC resistance characterization 
of the structure against frequency are also shown. 
Chapter 6 summarizes the overall research, correlating the results obtained with the 
objectives that were set. It also provides the scope and suggestions for future work - 
coupled or tapped inductor in conjunction with the modeled materials in this work for 48V-




CHAPTER 2. LITERATURE REVIEW 
This chapter review the role of inductors in power modules, the advances in magnetic 
materials for passive components, properties of the materials and their effect on the 
inductor performance. It also briefly describes the inductor topologies and their advantages 
and disadvantages.  
2.1 Role of inductors in power modules  
The inductor forms an essential part of a switching regulator. Figure 2.1 shows a 
simplified circuit for a buck converter. This reduces the input voltage to a lower output 
voltage. In this circuit, the inductor acts as an energy storage device. When the transistor 
is powered, current flows from the input source, through the transistor and inductor, to the 
output. The magnetic field in the inductor builds up, thus storing energy. The voltage drop 
across the inductor is proportional to the duty cycle of the transistor is in the direction 
opposite to the input voltage [18]. When this transistor is switched off, the inductor flips 
the electromotive force and supplies current to the load.   
 
Figure 2.1: Simplified buck converter circuit 
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The amount of energy stored in the inductor is given by equation (4) discussed in 
Section 1.4. Inductors are made of winding copper coils that induce a magnetic field when 
current flows through them. The magnitude of this field is decided by the type of magnetic 
material, thus enhancing the inductor performance. Therefore, the key parameters that 
affect the inductance are the permeability of the magnetic core, the number and thickness 
of the copper windings. Another important parameter to be considered is the frequency of 
operation of the converter. This affects the frequency stability of the magnetic core.  
These parameters make it important to understand how the properties of materials 
affect inductor performance. Target values must be determined for these properties, to meet 
the targets of inductance density and DC resistance for substrate-embedded inductors.  
2.2 Fundamentals of magnetic properties 
The magnetic properties that are critical to the performance of inductors are (i) 
permeability (μ) as a function of frequency (ii) loss tangent (iii) magnetization saturation 
(Ms). The permeability is defined as the degree of magnetization induced in a material on 
application of an external magnetic field. It depends on the type of material and 
temperature. As discussed in Section 1.4, the permeability of a material decreases with an 
increase in frequency due to Ms. Ms is an intrinsic property and is the maximum magnetic 
flux that can be induced under a magnetic field.  
Losses in magnetic materials can be due to hysteresis, resonance, eddy current 
damping and ferromagnetic resonance. Eddy current is a current that circulates in the core 
induced by alternating magnetic field. They reduce the overall magnetic flux by generating 
a flux in the direction opposite to the induced magnetic flux by the applied magnetic field. 
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They shield the inner portion of the core’s cross-section. This is called magnetic skin effect 
and depends on the skin depth of conducting materials, which is the core depth at which 
the flux decays to 1/e of the surface value, given by equation (5): 
 




Where,  𝛿𝛿 is the skin depth, 𝜌𝜌 is the resistivity and f is the frequency of operation.  Increase 
in the thickness of conducting surface, operating frequency and permeability of material 
decreases the skin depth and so thicker cores have higher eddy losses.  This is depicted in 
Figure 2.2. Hence, thin and high resistivity materials are preferred for inductor cores.  
 
Figure 2.2: Effect of eddy currents on frequency stability and permeability 
 
Shown in Figure 2.3 (a), is a hysteresis loop. The magnetization (B) increases as the 
applied magnetic field (H) increases. At the saturation point, when the magnetic field is at 
its peak (Hk), there is no further increase in the B-field. This results in a decrease of the 
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inductance due to a decrease in permeability, as seen in Figure 2.3. The said H-field is 
generated by current flowing through the inductor windings. Higher current implies 
stronger H-field. And so, materials with small Hk limit the operating power of inductors. 
Therefore, we can see that the three properties are interdependent, and materials need to be 
engineered such that there is a good trade-off between the properties. Materials have a hard 
axis and easy axis. Hard axis is the direction where a large magnetic field is needed to align 
magnetic spins in the direction and reach saturation. Easy axis is where a small magnetic 
field is enough to align the spins and reach saturation state. Hard axis is known to have a 
large Hk and can handle more current [19].  
 
Figure 2.3: Interdependence of permeability, losses and magnetic saturation (a) hard 
and easy axis of magnetic materials (b) permeability as a function of magnetic field 
 
In conclusion, the magnetic material must be modeled to have high resistivity, high 
permeability (along hard axis) with good frequency stability, high coercivity, and low 
losses at high frequencies with a thickness that supports high skin depth. This is done using 
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analytical finite-element models like Bruggeman’s model and Landau–Lifshitz–Gilbert 
equation which is discussed in Chapter 3 of this work.  
2.3 Advances in magnetic materials for power inductors 
The commonly used materials for inductors are ferrites. But there have been 
advances and a shift towards materials such as nanocomposites films, metal alloys and 
metal-polymer composites with improved properties. The general classification of 
materials has been shown in Figure 2.4. These can also be grouped as per their frequency 
of operation: low frequency (1-50 MHz) and high frequency (50-150 MHz).  
 






2.3.1 Low frequency materials 
Ferrites have been used as magnetic core for decades for low frequency applications. 
This is due to the high resistivity of ferrites (> 1 Ω.m), which leads to lower losses [3, 18] 
as explained in Section 2.2. However, they suffer from several drawbacks such as low Ms 
of 0.5 T due to low Hk and low permeability, which limits them to a low frequency 
operation of around 1 MHz [3, 14]. Therefore, they exhibit low inductance density and 
current handling. With modifications, some ferrites can be used for up to 50 MHz 
frequency operations. Such a modification was shown by TDK, where a Manganese (Mn)-
Zinc (Zn) based ferrite was optimized for 700 KHz-4 MHz range. The curie temperature 
of Mn-Zn ferrites is around 250 °C, which makes it suitable for a high temperature 
environment [21]. Table 2.1 in conjunction with Figure 2.5 summarizes the material 
performance of various ferrites in the market for the low frequency range.  













































Figure 2.5: Core losses of different ferrites [21] 
 
This led to a shift to using metal alloys as cores for low frequency applications. 
Compared to ferrites, metal alloys show a higher Ms and higher permeability. This allows 
better miniaturization. However, conductivity of the alloys increases the eddy current 
losses. This is mitigated by adding low conductivity elements like boron or phosphorous 
to reduce the eddy losses [3]. Hitachi has shown good soft magnetic properties 
(MetglassTM), such as low coercivity, low loss and high permeability. This is attributed to 
absence of grain boundaries and inherent anisotropy.  They are synthesized by rapid 
cooling which does not give atoms enough time to rearrange, resulting in a metastable 
amorphous structure [15]. These properties can be further worked on by synthesizing them 
in a nanocrystalline form. As the grain size decreases, the coercivity increases in the micron 
range (~ 1 μm). In the nanometer scale, the soft magnetic properties decrease with decrease 
in grain size as demonstrated by Herzer’s model [15].  
Metal powders showed by Taiyo Yuden are high Ms metal particles that can handle 
higher current in comparison to ferrites. Figure 2.6 shows the DC bias of the metal powders 
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and ferrites. The powder shows a smaller drop in inductance as the current increases. Metal 
powder cores have a thin oxide layer which isolates the conductive metal, improving 
permeability. This oxide layer has a thickness of 100-200 nm which provides good 
electrical insulation and mechanical strength between the powder particles.  
 
Figure 2.6: Taiyo Yuden's metal powder characteristics: (a) DC bias characterization 
comparison between ferrites and metal powders (b) TEM image showing thin oxide 
layer between metal particle cores [22] 
 
MPCs go one step ahead and embed high Ms metal particles in an epoxy resin. This 
leads to low eddy current losses at high frequencies. The high Ms prevents early saturation 
of the core. Typical materials are Molypermalloy Powder, Sendust, High Flux and XFlux 
[22, 23]. The Center for Power Electronics, Virginia Tech showed composites with 
particles in the shape of flakes. At frequencies between 4-10 MHz, ferrites such as 
Ferroxcube show lower losses [26]. Nitto Denko also demonstrated metal-polymer 
composites with flake particles. Because of the shape anisotropy and orientation of the 




2.3.2 High frequency materials  
Thin films of magnetic materials have gained traction recently since they address the 
disadvantages of ferrites. These are more commonly used for high frequency applications 
owing to high magnetic particle content (Fe, Ni, Co) which give it high permeability and 
Ms [28]. NiFe thin-films have been used as the magnetic cores for on-chip inductors by 
Tydnall [26–28]. Typically, electroplating methods are used for depositing the thin films 
on the wafer. However, a noticeable drawback of these films is the generation of high eddy 
currents at high frequency due to the presence of highly conductive elements such as Ni 
and Fe, thereby restricting the range of applications of the films. To counter this limitation, 
the use B, P, and O elements, has been recommended in literature due to their low 
conductivity. These losses can be further decreased by the use of alternately laminating 
magnetic, and insulation films [3, 29–30]. 
Thin films can also be deposited by sputtering. These films display stable 
permeability at high frequencies and can be used as magnetic cores for high-frequency 
inductors. Koh et al. fabricated CoZrTaB thin films with the use of sputtering technology 
[33]. There is a relation between sputtering power and the magnetic film’s properties – for 
example, a reduction in sputtering power was found to increase the ferromagnetic 
resonance (FMR) and the anisotropic field (Hk). High anisotropy is related to low 
permeability along the hard axis since magnetic moments are difficult to rotate from the 
easy to hard axes.  
Apart from magnetic films, several ferrites also show good response up to GHz. 
Aided by sintering additives, ferrites are compatible with low-temperature co-fired ceramic 
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technology (LTCC), making them acceptable substrates for embedded inductors. Bierlich 
et al. presented an M-type ferrite with good high-frequency response [34]. The magnetic 
properties of the ferrite can be altered upon substituting Fe3+ by Co2+ and Ti4+ in 
BaCoxTixFe12-xO19 ferrite. Increasing the x value decreases the coercivity (Hc) value 
significantly, resulting in low hysteresis loss, and making them suitable candidates for high 
frequency applications [34]. On the contrary, the reduction in Hc comes at the price of a 
corresponding decrease in Ms, thus causing the ferrite to saturate at weak field. This means 
that inductors with low Ms cores can only account for low DC bias current. The hysteresis 
loop at different x values is depicted in Figure 2.7. The complex permeability of the ferrite 
is analyzed, and a good high frequency response is inferred from Figure 2.7[35]. 
 




2.4 Advances in inductor fabrication and integration   
There are two ways to fabricate inductors. The first is to fabricate inductors 
separately as discrete inductors and then insert them into the substrates. The second method 
is to directly fabricate them as films into the substrate. These inductors are referred to as 




Figure 2.8: Cross-section of substrates with (a) inserted inductors (b) formed 
inductors [25, 34] 
 
2.4.1 Discrete inserted inductors  
Most of the discrete inductors which can be inserted into the substrate have been 
demonstrated by Taiyo Yuden, Murata, TDK and Coilcraft. These have a small footprint 
and are hence easy to insert directly. The biggest limitation is that these inductors do not 
have copper terminations for interconnecting to the rest of the package. This leads to solder 
connections which has reliability issues due to CTE mismatch. This can be avoided if the 
inductors have copper terminations, so interconnections can be made by 
thermocompression bonding or electroplating.  
The thinnest inductors from Taiyo Yuden, Coilcraft, Kemet and TDK have been 
summarized in Table 2.2 along with their sizes and specifications. The thickness profile 
allows for insertion at high power densities. Coilcraft’s thinnest inductors use magnetic 
composites as the core. Kemet’s inserted inductors are ferrite-based chip inductors. 
However, the ferrites have a low Ms, due to which the saturation current is low and limits 
its application frequency. On the other hand, TDK’s inductors have metal magnetic cores 
with high Ms which allows for high current handling applications. They also have a closed 
magnetic path to reduce leakage currents.  
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Table 2.2: Power inductors with low thickness profile from Taiyo Yuden, Coilcraft, 
Kemet and TDK [35–44] 
 


















































R47MTAA 0.470 0.8 0.062 
 
Murata’s inductors have the lowest thickness profile of 0.4 mm and can handle a 
current of 4.2 A because the core is magnetic material based with a total height of the 
structure as 0.8 mm. It was also one of the first to adopt thin-film inductor fabrication 
techniques and introduced the LQW15DN series for smartphones, with the smallest 
inductor (1.0x0.5 mm) having and inductance of 15 μH. They also developed the smallest 
inductor (0.25x0.125 mm) with Barium-Strontium Titanate thin films. These are 
multilayered ceramic thin film inductors [47].  
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As explained in Section 1.4, the figure of merit (FOM) of L/RDC is a good metric to 
judge the performance of inductors.  Figure 2.9 shows a plot of L/RDC as a function of 
current density for several commercially available insertable inductors.  
 
Figure 2.9: Performance plot of commercially available 'inserted' inductors 
 
It is observed that metal core inductors have higher current handling compared to 
ferrite core inductors. This is due to the high Ms of metal elements. Ferrite-based inductors 
show higher L/RDC, but lower current handling compared to metal-based inductors. 
However, metal-based inductors which give low inductance density can be utilized at much 
higher frequencies since the required inductance is much smaller. 
2.4.2 Formed inductors  
Formed inductors can have 3 topologies: planar, solenoid and toroid. Planar inductors 
have a structure where the copper windings are sandwiched between two magnetic layers, 
also known as Magnetic-Copper-Magnetic (MCM) inductor. The other type is Copper-
Magnetic-Copper (CMC) inductors, where the magnetic cores are enclosed within copper 
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windings. Toroids and solenoid inductors come in this category. Figure 2.10 illustrates the 
difference between MCM and CMC inductors.  
 
Figure 2.10: Schematic illustration of (a) MCM topology (b) CMC topology 
 
The inductance for planar structures is decided by the number of copper windings. 
More windings correspond to higher inductance density. Thicker and wider traces lower 
the DC resistance. The magnetic field for planar structures is oriented randomly, and so it 
is not possible to align only in the hard axis direction. This lowers the current handling of 
MCM structures. To improve the working of planar structures, the windings are elongated 
in the longitudinal direction to increase the magnetic field transversely (racetrack inductor). 
The current handling can also be increased by reduction in the number of turns. Stripline 
inductors are planar inductors with one turn and show high current-handling because of 
weak magnetic fields. They also have high inductance density because of the small size. 
Solenoid inductors comes under CMC topologies. The magnetic field is generated 
within the windings and is enclosed within the magnetic core that limits EM interaction. 
Like planar structures, they show high current handling when the field is oriented along 
the uniaxial hard axis [48]. Toroidal inductor structure also constrains all the magnetic field 
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within the winding loop. They require radial anisotropy [49], which is harder to obtain than 
uniaxial anisotropy as depicted in Figure 2.11.  
 
Figure 2.11: (a) Solenoid inductors with magnetic field along the hard axis of the 
magnetic cores (b) toroidal inductors with radial anisotropy 
 
Planar inductors with magnetic cores 
Planar inductors using ferrite laminates:  the copper coils are fabricated on a 
polyimide film separate from the magnetic cores and then assembled to form a hybrid 
inductor structure [50]. This is shown in Figure 2.12.  
 




Spiral Inductors on PCB with metallic magnetic cores: the coils are directly 
patterned in the PCB and a magnetic core such as electroplated CoNiFe [51], NiFe [52] is 
introduced to increase the inductance as shown in Figure 2.13. However, they do not meet 
the size and performance targets for many applications [53]. 
 
Figure 2.13: Cross-section of PCB with integrated inductors and capacitors [54] 
 
 
Planar inductors on magnetic substrates 
 
When the planar structures are fabricated on magnetic substrates, it reduces the space 
that is utilized by the core. The coils are electroplated on cores such as NiZn and coated 
with a conductive powder and polymer binder as shown in Figure 2.14 (a).  A similar 
structure was also demonstrated by Intel, where coils were printed on CoZrTa laminates. 
This structure as shown in Figure 2.14(b) demonstrates a uniaxial anisotropic magnetic 
field, which results in a high current handling with high frequency stability, making it 




Figure 2.14: (a) Spiral inductors on magnetic substrates [56] (b) cross-section view of 
inductor integrated on CMOS [57] 
 
Polyimide dielectric was used as a planarizing layer between two magnetic cores. 
Magnetic vias were formed to connect the top and bottom magnetic material. The 
inductance was shown to be 9 times as compared to air-core inductors. 
Toroid inductors with magnetic cores 
As discussed earlier, toroids show radial anisotropy, which improves its inductor 
performance. However, it requires two metal-layer patterns with vias which increases 
fabrication complexity. Toroidal inductors with ferrite substrate cores: vias are drilled 
through the core (substrate) and the vias are filled by electroplating to provide connections. 
It is then stacked with a power IC chip and packaged [57] as shown in Figure 2.15. Toroidal 
Inductors with Electroplated Metal Laminate Cores: laminated cores separated by a 
polymer layer show lower eddy current losses [58]. This approach is time consuming since 
it requires multiple deposition and electroplating steps. Furthermore, the seed layer needs 
to be etched after every electroplating step. An all-aqueous-based electro-chemical process 
was reported for laminating magnetic cores, using a electrodepositable photoresist 
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dielectric as shown in Figure 2.15. In this, the second electroless seed layer is selectively 
deposited which does not need seed layer etching [59].  
 
Figure 2.15: (a) Toroidal inductor on ferrite substrate [57] (b) Laminated NiFe core by 
all aqueous-based electro-chemical process [59] 
 
2.5 Summary 
Inductors are typically the largest components in a power converter that play a 
crucial role in determining the efficiency of the converter. Until recently, inductor 
technologies were limited to discrete ferrite inductors despite their low Ms that degraded 
their power density and frequency response. Nanocomposite films make up for this 
drawback by exhibiting high permeability and high frequency stability. However, the films 
are sputtered and cannot have a large thickness, which limits the inductance and affects the 
permeability at high frequencies. Advanced magnetic materials such as metal composites 
have emerged to enhance volumetric density, albeit their much higher losses. The desired 
magnetic material must have a good permeability with high frequency stability, high Ms, 
and low loss at in ultra-thin form factor (50-100 microns). It must also be substrate-process 
compatible and scalable for high volume manufacturing technologies. Different materials 




Figure 2.16: Stoplight chart comparing the performance of different materials across 
specified parameters for inductor applications 
 
The current discrete inserted inductors need to be replaced by formed inductors and 
be integrated with the active components in a miniaturized and ultra-thin form factor. This 
can be achieved by planar or toroidal topologies. Spiral inductors are more widely used 
because of their ease of fabrication while toroidal inductors offer higher power densities 
[60]. The advantages and disadvantages of each topology is summarized in a stoplight chart 
depicted in Figure 2.17.  
 
Figure 2.17: Stoplight chart comparing performance of different inductor topologies 
[60] 
 
Building on the desired properties, a unique structure that integrates a magnetic 
material with high performance topology has been proposed in this work. The 
demonstration of a high inductance, high Ms, and low loss magnetic embedded structure 
will be discussed in the next chapters. 
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CHAPTER 3. DESIGN AND BENCHMARKING OF MAGNETIC 
MATERIALS FOR POWER INDUCTORS  
This chapter sets the benchmark for the IVR i.e. efficiency, duty cycle for different 
switching applications. Building on this, the required properties of magnetic particles are 
deduced. It also discusses modeling and design of magnetic particles in order to obtain the 
target properties. The effect of filler loading and size on the performance of materials is 
studied.  
3.1 Performance benchmarking for inductors in IVR applications 
High efficiency-high voltage IVRs which have a stack-up as shown in Figure 3.1 
are required in order to allow next generation data centers to operate with high efficiency. 
This will reduce both energy and resources for these infrastructures, enables 
miniaturization of power modules and their integration close to the System on Chip (SoC) 
[61].  
 
Figure 3.1: Single stage IVR dielet cross section 
 
Different switching frequencies are of importance: 48V-1V, 12V-1V, 3.3V-1V and 
1.7V-1V. However, single stage 48V to 1V ultra-high conversion ratio or 12V to 1V high 
conversion ratio present new challenges that are not seen in low voltage converters such as 
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3.3V or 1.7V to 1V. New metrics for magnetic materials and inductor technologies are 
required to describe their efficiency for different applications [62]. The focus of this work 
is on 48V to 1V and 12V to 1V for low frequency applications and 1.7V to 1V for high 
frequency applications [59-60]. However, material properties for all applications have been 
predicted for future work.  
3.1.1 Inductor efficiency analysis 
In a buck converter (Figure 2.1), there are various energizing and de-energizing 
stages. When the inductor is energized, its current increases as it stores energy. When it is 
drained, its current decreases as it releases energy. This builds up current which is equal to 
the current that is consumed by the load. It also generates an AC current ripple. The typical 
current waveform is shown in Figure 3.2, where Io is the output load current, ∆iL is the 
current ripple and is the energizing duty cycle (D), and Ts = 1/fs is the switching period. 
 
Figure 3.2: Inductor current waveform 
 
The inductor losses due to the DC and AC current can be expressed as given by 
equation (6), where Racx(D, fs) corresponds to the effective AC resistance per inductance 
with dimension Ω/nH and is a function of the duty cycle and frequency, RDC   is the inductor 
DC resistance, and L(fs) is the inductance at the switching frequency.  
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 𝑃𝑃𝐿𝐿 =  𝐼𝐼2𝑅𝑅𝐷𝐷𝐷𝐷 +  ∆𝑖𝑖2𝐿𝐿(𝜋𝜋)𝑠𝑠𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎(𝐷𝐷,𝜋𝜋𝑠𝑠) (6) 
The minimum requirement that an inductor needs to meet in order to have an 
efficiency of 95% is determined from the above waveform analysis. In this analysis, we 
consider a DC-DC converter with Io = 2.5A of output current, output voltage V = 1V, and 
frequency fs = 10 MHz. In Figure 3.3 different values of Racx and ∆iL are plotted versus 
the inductance L for the conversion ratios of D = k/48, with value of k = 1, 2, 4. The 
parameter k corresponds to the duty cycle extension provided by the converter. 
 
 
Figure 3.3: Racx for D = k/48 and k = {1, 2, 4} 
 
We observe that if a duty cycle extension by a factor of 4 is provided for 48V to 1V 
conversion ratio, with an inductance of 91 nH at 10 MHz, the Racx must be less than 3 
mΩ/nH. The same analysis shows that for a conversion ratio from 1.7V to 1V at 50MHz, 
the required inductance is 8 nH and Racx is 32.6 mΩ/nH. This shows the difficulty in 
achieving 48V to 1V compared to low voltage converters. Table 3.1 summarizes the 
required inductor performance for different conversion ratios. With the converter 
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delivering 2.5A of current, we should allow the inductor to have a saturation current of 
3.5A. These numbers set the requirement of a total inductance L = 91 nH in a single 
inductor configuration for 48V to 1V and a total inductance of 10nH for 1.7V to 1V 
configuration. As it can be observed, at higher frequencies we can use inductors with higher 
effective AC resistance and lower inductance.  
Table 3.1: Required inductor performance for different conversion ratio applications 
from IVR efficiency analysis 
Conversion ratio Inductor topology Operation frequency (MHz) 
Required 
inductance (nH) 
48V – 1V Single 10, 20 91, 73 
48V – 1V Coupled 10 364 
12V – 1V Single 10, 15, 20 45, 33, 25 
3.3V – 1V Single 50-100 20 
1.7V – 1V Single 50-100 8 
 
From this analysis and the required inductor performance, the required material 
property can be predicted in order to achieve the set objectives.  
3.1.2 Material property analysis 
As discussed in Section 2.2, the magnetic materials must have the following generic 
properties:   
• High permeability: this is crucial for the miniaturization of power inductors as a high 
permeability results in high inductance thus allowing a small footprint. 
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• High-frequency stability: permeability drops with increasing frequency of operation. 
Therefore, magnetic materials are expected to have stable and high permeability for 
inductors operating at such frequencies. 
• Scalability: Thick magnetic cores are desired because for the same size, structures, 
thicker magnetic cores lead to lower reluctance and higher inductance. Thus, a higher 
L/RDC value can be achieved without changing the structure and DC resistance of 
inductors. 
These properties are subject to change as per the conversion ratio applications. 
Different materials will be designed and characterized in the next sub-section. Based on 
the inductor requirements in the above sub-section and analysis of the designed materials, 
the required properties for various applications will be discussed. A conclusion will be 
drawn about the best application for the modeled materials at the end of this chapter.  
3.2 Design methodology 
In order to design materials to match the required properties and enable the desired 
performance, different parameters that affect material properties need to be studied. The 
particle shape plays an important role in understanding the anisotropy of properties. 
Similarly, the losses in magnetic materials depend on the ferromagnetic resonance which 
is decided by the particle size.  
3.2.1 Effect of particle shape on permeability of magnetic materials   
From the comparison of properties in Figure 2.16, the material of interest is MPC. 
The permeability of MPCs depends on the particle shape of the filler used.  As expected, 
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spherical particles, show an isotropic permeability (same along all directions). For disk 
shaped particles, the permeability along out-of-plane direction is smaller than in-plane 
direction, resulting in anisotropic permeability. This is due to demagnetization that arises 
from shape anisotropy. Under external applied field, magnetic particles are magnetized to 
induce magnetic poles on the particle surface [65]. These poles generate internal fields, 
referred to as demagnetizing fields, and oppose the external field as shown in Figure 3.4.  
 
Figure 3.4: Magnetized particle with induced demagnetizing field 
 
Because of the magnetic field induced in the reverse direction, the effective field 
experienced by the particles is reduced, resulting in lower magnetization and permeability. 
The strength of the internal field depends on the distance between magnetic poles. For disk 
particles, the in-plane demagnetizing field is weaker than the out-of-plane field due to the 
longer distance. As a result of the weak demagnetization, the effective field (Beff = Bext – 
N, where N is the demagnetizing factor) along the in-plane direction is stronger than out-
of-plane direction [66]. Thus, the permeability is higher along in-plane direction than out-
of-plane direction. Therefore, the in-plane direction with higher effective field is called the 
easy axis and the out-of-plane direction is the hard axis. Based on this, for long rods, the 
permeability in the z direction is higher than the in-plane permeability. Similarly, for thin 
films the permeability is higher in the film/flake plane [67].  
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By solving the Landau-Lifshitz-Gilbert (LLG) in equation (7), the permeability 
spectrum can be obtained [68]:  
 𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡
= −|𝛾𝛾|𝑑𝑑 𝑥𝑥 𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒 − |𝛾𝛾|
𝛼𝛼
𝑑𝑑𝑠𝑠
𝑑𝑑 𝑥𝑥 [𝑑𝑑 𝑥𝑥 𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒] (7) 
Where, 𝑑𝑑 is the magnetization, 𝐻𝐻eff is the effective field, 𝛾𝛾 ̅ is the Landau-Lifshitz 
gyromagnetic ratio, and 𝛼𝛼 is the damping constant. The solutions of LLG equation are 
given by [69], which can be modified further by assuming that the particles saturate along 
z-axis. Thus, permeability along z-axis is 1. At low frequency (𝜔𝜔=0), the equations can be 
simplified, as shown below, to study the effect of shape on permeability.  
 𝜇𝜇𝑎𝑎 =  
𝑑𝑑𝑠𝑠
𝐻𝐻𝑘𝑘 +  𝑑𝑑𝑠𝑠(𝑁𝑁𝑎𝑎 − 𝑁𝑁𝑧𝑧)
+ 1 (8) 
 𝜇𝜇𝑦𝑦 =  
𝑑𝑑𝑠𝑠
𝐻𝐻𝑘𝑘 +  𝑑𝑑𝑠𝑠(𝑁𝑁𝑦𝑦 − 𝑁𝑁𝑧𝑧)
+ 1 (9) 
The frequency stability, given by the ferromagnetic resonance (FMR), is also 
affected by the particle shape. It was observed that by changing the shape from sphere to 
rod or disk, FMR frequency is increased [70]. In this work, magnetic particles in the 
spherical shape are designed and embedded in an epoxy resin to design MPCs for target 
applications. 
3.2.2 Effect of particle size on loss tangent of magnetic materials 
For conductive magnetic particles, eddy-currents play an important role in 
determining the frequency stability of magnetic particles. To design the right particle size 
and filler loading, eddy current loss needs to be discussed. Eddy current losses are 
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proportional to the size, resistivity and operation frequency as stated in [63, 64] equation 
(10): 
 




Where 𝜎𝜎 is the conductivity, 𝑑𝑑 is the particle size and 𝜋𝜋 is the operation frequency. Since 
high-permeability metal particles is a requirement for magnetic cores, the conductivity is 
fixed and cannot be changed. Thus, the only way to lower the eddy current loss is to use 
smaller particles. In addition, the eddy current losses are also reduced by isolating each 
particle with an oxide layer. Because of the insulation film, eddy currents are unable to 
circulate on wide arcs, resulting in low eddy current loss. The spherical particles chosen to 
have a particle size of less than 30 μm in order to ensure a trade-off between the 
permeability and frequency stability. These particles are then embedded in an epoxy resin 
with different filler loadings in order to synthesize materials with different permeabilities 
and losses.  
3.3 Magnetic material characterization and design validation 
Two materials (MPC 1, MPC 2) were synthesized (courtesy Panasonic), in the form 
of MPCs. The spherical metal fillers were chosen to have a particle size of less than 30 μm. 
For MPC 1, the metal fillers coated with a metal oxide were embedded in an epoxy resin 
with a filler loading of 91 wt. % (~60 vol. %). It is then scaled up to make sheets of 
thickness 100 μm. For MPC 2, the filler loading was kept at 97.8 wt. % and a final sheet 
thickness of 100 μm. These materials can directly be used as magnetic cores for fabrication 
of inductors. The performance of the two materials was compared with MPC 3 with a 
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thickness of 200 μm (available in the public domain). This comparison is to understand the 
permeability-conversion ratio application dependence and to extrapolate the required 
material properties for different conversion ratios. Figure 3.5 shows the SEM image of the 
three materials.  
 
 
Figure 3.5: SEM image of synthesized (a) MPC 1 (b) MPC 2 (c) MPC 3 
 
For the suggested stack-up discussed in the unique approach of this work shown in 
Figure 3.6, an insulating layer of dielectric is introduced around the magnetic core.  
 
Figure 3.6: Substrate-embedded inductor stack up 
 
Therefore, the adhesion of build-up film/dielectric to the magnetic materials is 
important to the fabrication and reliability of the architecture. Improper adhesion between 
the core and the build-up film can lead to delamination during processing. In addition, 
difference in the coefficient of thermal expansion (CTE) between the two layers can also 
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lead to warpage due to a CTE mismatch. This can further add to delamination at the 
interface during fabrication. The adhesion is measured by laminating a 15 μm ABFTM 
buildup film on the two synthesized magnetic films and conducting a peel test on them. 
Figure 3.7 shows the adhesion strength, which confirms excellent bonding properties. The 




Figure 3.7: Peel strength of ABF laminated magnetic cores for (a) MPC 1 (b) MPC 2 
 
The complex permeability spectrum of the two MPCs and the reference MPC 3 are 
measured using a vector network analyzer (VNA) and impedance analyzer. The quasi-
static M-H loop for the materials was measured, where M and H are related by equation 
(11). 
 𝐵𝐵 =  𝜇𝜇𝑜𝑜(𝐻𝐻 + 𝑑𝑑) =  𝜇𝜇𝑜𝑜(1 + 𝑥𝑥𝑚𝑚𝑜𝑜)𝐻𝐻 (11) 
 
The results for MPC 1, MPC 2 and MPC 3 are shown in Figure 3.8, Figure 3.9 and Figure 
3.10 respectively. The measured permeability is shown in green and compared to the 




Figure 3.8: Characterization of MPC 1 (a) permeability, measured in green and 
modeled in black (b) M-H curve 
 
 
Figure 3.9: Characterization of MPC 2 (a) permeability, measured in green and 
modeled in black (b) M-H curve 
 
 
Figure 3.10: Characterization of MPC 3 (a) permeability, measured in green and 
modeled in black (b) M-H curve 
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From Figure 3.8 we see that MPC 1 starts to saturate at a magnetic field of H = 4.5 
kA/m and is almost hysteresis-less. MPC 2 starts to saturate at a magnetic field of 200 
kA/m. From Figure 3.10, MPC 3 starts to saturate at H = 20 kA/m and has a much larger 
B-H hysteresis window. But with a current ripple of 500mA, the H field span is less than 
1.5kA/m which still produces very low core losses in both materials. The properties 
relevant to inductor performance are tabulated in Table 3.2.  
Table 3.2: Properties of synthesized materials  
 





MPC 1 150 10 0.146 4x103 
MPC 2 20 100 0.230 5x103 
MPC 3 48 10 0.041 1x107 
 
 
As seen from the above table, although the modeled materials show a very good 
permeability, the materials are highly lossy. MPC 2 shows good stability at high 
frequencies and so can be used for low voltage conversion ratios where the inductance 
requirement is low. In order to benchmark the synthesized materials, a FOM is defined for 
materials based on the permeability and thickness of the sheet, as given in equation (12): 
 𝐹𝐹𝐹𝐹𝑑𝑑 =  𝑇𝑇ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑜𝑜𝜋𝜋 𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖𝑖𝑖 𝑖𝑖ℎ𝑖𝑖𝑖𝑖𝑡𝑡 (𝜇𝜇𝑚𝑚)
𝐿𝐿𝑜𝑜𝑖𝑖𝑖𝑖 𝑡𝑡𝑚𝑚𝑖𝑖𝑚𝑚𝑖𝑖𝑖𝑖𝑡𝑡 (𝛿𝛿)
  (12) 
 
Figure 3.11 shows material benchmark of the permeability vs FOM for the 
synthesized materials as compared to magnetic materials that are available in the market 




Figure 3.11: Material benchmark of synthesized materials compared to commercial 
magnetic materials for (a) low frequency applications (b) high frequency applications 
 
Based on these properties and the inductor efficiency analysis, the next section 
discusses the frequency range in which the above materials can be used. It also predicts 
properties of materials for high conversion ratio applications.  
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3.4 Material benchmarking 
Table 3.1 shows the required inductor performance for different conversion ratios. 
For determining the efficacy of MPC 1 and MPC 3 in 48V to 1V and 12V to 1V 
applications, a FOM Racx vs duty cycle of one common single inductor topology was 
simulated and plotted, shown in Figure 3.12.  • represent the targets for 48V to 1V with 4 
times duty cycle extension, and × are the targets for 12V to 1V with duty cycle of 0.5. 
 
Figure 3.12: Effective AC resistance for inductors using MPC 1 and 3 at different 
frequencies (dots – 48V to 1V; cross – 12V to 1V) 
 
In order to satisfy the minimum AC resistance, the • and × must be above the lines of 
the same color. From the above plot, it can be observed that for 48V to 1V, neither MPC 1 
not MPC 2 can be utilized. However, MPC 1 is good to a certain extent for 12V to 1V up 
to 10 MHz, although materials with higher permeability can improve the performance. 
MPC 1, 2, 3 are good for 3.3 V to 1V applications as well, however for lower voltage 
conversions (3.3 V to 1V & 1.7V to 1V), MPC 2 is a better option since the inductance 
requirement is low and the frequency of operation can be increased up to 100 MHz.  
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For 48V to 1V to work, a material with a permeability somewhere between MPC 1 
and MPC 3 is required, with the low losses of MPC 3, and the hysteresis curve of MPC 1. 
In order to determine the exact value of the required material properties, the LLG equation 
(7) was used in conjunction with the same inductor topology used to obtain Figure 3.12. 
To obtain a starting point for the model, the MPC 3 was used as a representative example 
to analyze the accuracy of this model. Figure 3.13 shows the fit obtained by equation 7 for 
MPC 3, and it shows a very good correlation. Therefore, it can be established that the 
equation can be used with an inductor topology to accurately predict the inductor 
performance as well as the material properties needed to achieve it. 
 
 
Figure 3.13: MPC 3 fitted with model of equation (7) 
 
Figure 3.14 shows that a material for 48V to 1V should have a permeability around 
90 and a loss tangent less than 0.033 at 10MHz and stable up to 50MHz (called 
CA90u33Lt), and for 12V to 1V it needs a permeability of 110 and a loss tangent of 0.162 
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at 20 MHz (called CA110u160Lt), and stable up to 40 MHz (although MPC 1 also gives a 
good performance).  
 
Figure 3.14: Comparison of permeability and loss tangent between synthesized MPC 
1 and modeled materials CA90u33Lt (green) and CA110u160Lt (blue) 
 
These materials should drive the design of future magnetic materials for high 
frequency high efficiency ultra-high conversion ratio IVR. Figure 3.15 shows the 
performance of the new modeled materials in Figure 3.13 for 48V to 1V and 12V to 1V 
conversion ratios. It is observed that the × and • are above the frequency response of the 





Figure 3.15: Effective AC resistance for inductors using the modeled materials 
(CA90u33Lt & CA110u160Lt) at different frequencies (dots – 48V to 1V; cross – 12V 
to 1V) 
 
Therefore, the different inductor requirements and the materials that have the 
required properties in the desired range of operation and conversion ratios have been 
summarized in Table 3.3.  
Table 3.3: Required inductor performance and the corresponding required material 












Required material properties, 
permeability (μ) & loss 
tangent (δ) 
48V – 1V Single 10, 20 91, 73 μ = 75, δ = 0.034 
48V – 1V Coupled 10 364 μ = 90, δ = < 0.033 
12V – 1V Single 10, 15, 20 45, 33, 25 MPC 1: μ = 150, δ = 0.146 
3.3V – 1V Single 10 20 
MPC 1: μ = 150, δ = 0.146 
MPC 3: μ = 48, δ = 0.041 
MPC 2: μ = 20, δ = 0.230 




In this work, the focus is on inductor design and fabrication with MPC 1, MPC 2 
and MPC 3 and demonstrating that the required inductance and resistance value can be 
obtained for the corresponding conversion ratios. MPC 1 and MPC 3 are used for low 
frequency applications and MPC 2 is used for high frequency applications.  
3.5 Summary 
The modeling and characterization of magnetic particles are discussed in this 
chapter. Three major particle shapes, sphere, rod and film, are emphasized. Particles with 
spherical shape are preferred because of the good combination of high-permeability and 
high-frequency stability. A spherical particle size of less than 30 μm is chosen to be mixed 
with epoxy resin, with filler loading of 91 wt. % and 97.8 wt. %, to synthesize two magnetic 
composites. The composites are scaled up to obtain composite sheets with a thickness of 
100 μm. An inductor efficiency vs duty cycle analysis gives the required inductance and 
resistance values for different conversion ratios. Furthermore, new materials are modeled 
in order to satisfy the established inductor performance requirements. It was also concluded 
that material with high permeability at low frequency can be used for 12V-1V applications 





CHAPTER 4. INDUCTOR TOPOLOGY DESIGN 
This chapter describes the design of different inductor topologies by incorporating 
magnetic cores for low and high frequency applications. Planar, solenoid and toroid 
inductors are designed for MPC 1 and MPC 2 which were introduced in Chapter 3. An 
analysis is conducted between the three topologies in order to determine the topology 
which produces maximum efficiency and meets the target objectives defined in Chapter 1 
for the respective conversion ratio applications. The inductors are designed using finite-
element method in ANSYS HFSS and Maxwell.  
4.1 Electromagnetic simulation methodology 
The magnetic circuit concept behind the design of inductors in ANSYS is based on 
a simple buck converter circuit as shown in Figure 2.1. In a buck converter, there are 
various energizing and de-energizing stages. When the inductor is energized, its current 
increases as it stores energy and a magnetic field is generated [77]. The amount of energy 
that is stored is given by equation (4), mentioned below for reference: 




Here, L is the inductance which as mentioned earlier is strongly dependent on the 
number of copper windings. The flux that is generated is dependent on the cross-sectional 
area of the windings. When it is drained, its current decreases as it releases energy. This 
builds up current which is equal to the current that is consumed by the load. Electric and 
magnetic circuits being analogous, the magnetic flux can be defined by equation (13): 
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Where, ∅ is the magnetic flux, ℛ is the reluctance in a magnetic circuit (like 
resistance in an electric circuit). This shows that an increase in the current will result in an 
increase in the magnetic flux. However, due to saturation of magnetic cores, after a certain 
value this flux will cease to increase. The saturation current depends on the given by 
equation (12). 
 






  (13) 
 
A higher value of saturation current is desired and can be achieved by increasing the 
reluctance. This is best achieved by introducing air-gaps in the circuit or around the 
magnetic core as shown in Figure 4.1 
 
 






While air-gaps improve the current handling, they have an adverse effect on the 
inductance, since an additional reluctance is added due to the air-gap reluctance in equation 
(13). For simple geometries, the equations for showing the effect of reluctance on the 
saturation current and inductance can be derived easily and used to calculate the saturation 
current and inductance. For complex structures, finite-element modeling is needed.  
In addition to the magnetic core losses, inductor windings also contribute to the 
overall loss. At low frequency, the major contribution to the winding loss is DC loss. This 
is calculated as per equation (14). For small inductors, smaller wires are usually used. This 
leads to higher DC loss due to the smaller cross-sectional area since the resistance for 
smaller wires is higher. For high-inductance inductors, larger number of windings is used, 
resulting in a higher DC loss [80]. When applications require larger amount of current 
(1000s of amperes), DC losses become considerably more significant. During inductor 
design, thicker traces/windings, a smaller number of windings and high-resistivity 
conductors need to be used whenever possible. 
 𝑃𝑃𝐷𝐷𝐷𝐷 =  𝐼𝐼𝐷𝐷𝐷𝐷2 𝑅𝑅𝐷𝐷𝐷𝐷   (13) 
At higher frequency, another important term, loss due to alternating current (AC), 
starts to contribute to the overall loss. This is known as AC loss. The losses here are due 
the root mean square (IRMS) current depends on the current ripple and load current in an 
inductor waveform [81]. Figure 4.2 shows the rectangular current waveform in an inductor, 




Figure 4.2: Inductor current waveform 
 













The AC loss is calculated as equation 15, where RAC is the AC resistance of the 
inductor windings at a given frequency [81]. 
 𝑃𝑃𝐴𝐴𝐷𝐷 =  𝐼𝐼𝐴𝐴𝐷𝐷,𝑅𝑅𝑅𝑅𝑆𝑆2 𝑅𝑅𝐴𝐴𝐷𝐷   (17) 
The skin effect is where alternating current tends to avoid travel through the center 
of a solid conductor, limiting itself to conduction near the surface. Faraday’s law of 
induction states that an alternating current flowing through a wire induces a flux which is 
in a direction perpendicular to the alternating current. This changing flux induces eddy 
currents in the conductor, in the direction opposite to the initial current, which pushes the 
current towards the conductor surface [67]. This effectively limits the cross-sectional 
conductor area available to carry alternating electron flow, increasing the resistance of that 
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conductor above what it would normally be for direct current. The difference between AC 
and DC losses due to difference in current flow is illustrated in Figure 4.3.  
 
Figure 4.3: Difference between DC and AC loss due to skin effect 
 
The AC losses can be calculated if the skin depth is known. The skin depth depends 
on the frequency of application, resistivity and permeability as discussed in Section 2.2.  
 




The resistivity depends on the conductor material and so cannot be changed. 
Therefore, the ratio of RAC to RDC is the ratio of the area of the ring due to skin depth, with 
to the area of the entire cross-section due to direct initial current. The AC resistance of a 
circular conductor with radius of r is then calculated as equation (18) [81]. To reduce the 
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AC loss, a flat wire is preferred since it has more surface area as compared to circular 
conductor assuming both have the same cross-sectional area [82]. The more surface area 





𝜋𝜋𝑟𝑟2 − 𝜋𝜋(𝑟𝑟 − 𝛿𝛿)2
 (18) 
The proximity effect plays a far greater role for transformers, whereby neighboring 
conductors generate fields displaced by current. This results in an increase in the eddy 
current losses. This reduces the area for the flow of current more than that defined by the 
skin depth. Therefore, the AC resistance is higher than the resistance caused only by the 
skin effect. If the conductors carry the current in the same direction, then the magnetic field 
of the halves of the conductors which are close to each other is cancelling each other and 
hence no current flow through that halves portion of the conductor. The current is crowded 
in the remote half portion of the conductor. This is illustrated in Figure 4.4 below. 
 




If direct current flows on the surface of the conductor, then the current is uniformly 
distributed around the cross-section area of the conductor. Hence, no proximity effect 
occurs on the surface of the conductor. The proximity effect mainly depends on the factors 
like conductor’s material, conductor diameter, frequency and conductor structure. 
• Frequency – The proximity increases with an increase in the frequency 
• Diameter – The proximity effect increases with an increase in the diameter 
• Material – If the material is made up of high ferromagnetic material then the proximity 
effect is more on their surface 
A possibility for calculating eddy current losses for simple geometries is described 
by Dowell. The AC resistance under proximity effect shows strong dependence on the skin 
depth (𝛿𝛿), winding height (h) and number of winding layer (N) [80]. The DC resistance is 
mostly independent of these parameters. As the number of windings increase, the AC 
resistance increases dramatically. But it also increases the alternating current. A 
combination of high alternating current and AC resistance results in high AC losses. For 
transformers, the multi-layer needs to be avoided since the AC component is stronger than 
DC component. For inductors, the AC component is usually a small fraction of DC 
component. Thus, the inductors can be designed with multi-layer despite the proximity 






4.2 Inductor design using finite-element modeling 
In ANSYS Maxwell, the permeability spectrum and the hysteresis loop of magnetic 
cores are required to simulate the frequency-response and current-response of power 
inductors respectively. Various inductor structures are designed to achieve the 
specifications list in the Introduction. Table 4.1 re-captures the objectives for the inductors.  
Table 4.1: Inductor objectives 
 
 Low Frequency 
(1 - 10 MHz) 
High Frequency 
(100 - 140 MHz) 
Metrics Objectives Objectives 
Inductance density (nH/mm2) 10-20 6 
DC resistance (mΩ) 5-20 5-20 
Thickness (mm) 0.5 0.2 – 0.3 
 
4.2.1 Planar topology 
Initially, 2D planar inductors were designed to achieve the objectives. As discussed 
earlier, planar inductor is an MCM topology. Traces are designed to be thick and wide in 
order to reduce the DC resistance. Such a planar structure is called spiral inductor. 
However, the magnetic field is randomly oriented in all directions which results in lower 
current handling for anisotropic magnetic cores. To maximize the current handling, the 
hard axis needs to be aligned in the direction of the magnetic field. This structure is called 
a “racetrack inductor”. The copper windings are elongated longitudinally to enhance the 
transverse magnetic field strength [83]. The current handling of planar inductors can be 
improved with reduced number of windings. Planar inductors with one turn are called 
stripline inductors and show high current-handling because of weak magnetic fields. In 
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addition to the high current handling, the stripline inductors also have high inductance 
density because of the small size. The different planar topologies have been summarized 
in Figure 4.5.  
 
Figure 4.5: Isometric views of four planar inductor designs (a) Meander inductor (b) 
Spiral inductor (c) Spiral inductor (d) Stripline inductor 
 
Different planar inductors were designed for low frequency (MPC 1) and high 
frequency (MPC 2) applications. Figure 4.6 show the detailed inductor design with 
dimensions for the low frequency material. The copper windings are sandwiched between 
two magnetic sheets to form a closed magnetic loop, without any air-gaps, for high 
inductance with low DC resistance.  
 
Figure 4.6: Detailed inductor design and stack-up for low frequency applications 





Table 4.2 shows the performance of the designed topology for low frequency as 
compared to the target objective. This inductor has an inductance of ~95 nH and a DC 
resistance of 10 mΩ. The total thickness and size of the inductor is ~ 300 μm and ~ 9 mm2. 
Table 4.2: Designed planar inductor for low frequency application (MPC 1) 
 
 Low Frequency – MPC 1 (1 - 10 MHz) 
Metrics Objectives Designed performance  
Inductance density (nH/mm2) 10-20 10.5 
DC resistance (mΩ) 5-20 10.0 
Thickness (mm) 0.5 0.28 
 
Figure 4.7 shows the detailed dimensions of the inductors for high frequency 
applications, which determines the inductor performance for specific applications.  
 
Figure 4.7: Top views of four planar inductor designs (a) Meander inductor (b) Spiral 
inductor (c) Spiral inductor (d) Stripline inductor (MPC 2-courtesy Panasonic)  
 
Of the four designs, the stripline inductor was found to give the maximum 
inductance with lowest DC resistance as shown in Table 4.3. This is due to weak magnetic 
field and small inductor size as explained earlier. The DC resistance is low due to only one 




Table 4.3: Designed planar inductor for high frequency application (MPC 2) 
 
 High Frequency – MPC 2 (100 - 140 MHz) 
Metrics Objectives 
Designed performance  
Meander Spiral Spiral Stripline 
Inductance density 
(nH/mm2) 6 7.04 6.89 7.75 7.27 
DC resistance (mΩ) 5-20 9.79 8.91 5.34 4.74 
Thickness (mm) 0.2-0.3 0.26 0.26 0.26 0.26 
 
4.2.2 Solenoid topology  
Next, 3D solenoid inductors were designed to achieve the objectives for low and high 
frequency applications. As discussed earlier, solenoid inductor is a CMC topology. These 
have a high current handling because of oriented magnetic fields [84]. The optimal design 
is shown in Figure 4.8.  
 
Figure 4.8: (a) Top and bottom view of detailed solenoid inductor design (b) solenoid 





The inductance here depends on the number of windings around the magnetic core. 
In the design shown in Figure 4.8, the solenoid has 5 turns. Higher turns results in a higher 
DC resistance. For low frequency, the inductor has an inductance of 100 nH with a DC 
resistance of 14.94 mΩ. For high frequency, the inductor has an inductance of 84.95 nH 
with a DC resistance of 13 mΩ. A comparison in solenoid inductor performance for low 
and high frequency applications is done in Table 4.4.  
Table 4.4: Designed solenoid inductor for low and high frequency applications 
 
 Low Frequency – MPC 1 
(1 - 10 MHz) 
High Frequency – MPC 2 
(100 - 140 MHz) 
Metrics Objectives Designed performance Objectives 
Designed 
performance 
Inductance density (nH/mm2) 10-20 11 6 7.92 
DC resistance (mΩ) 5-20 14.94 5-20 13 
Thickness (mm) 0.5 0.27 0.2-0.3 0.23 
 
4.2.3 Toroid topology  
Toroid inductor is another type of 3D inductor. In order to compare the difference 
between the performance of embedded solenoid and toroid inductors, both topologies were 
simulated [85]. Also, each structure was simulated for different number of turns. The 
simulated structures for the initial comparison are shown in Figure 4.9.  
 
Figure 4.9: Solenoidal and toroidal inductor models [85] 
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Through simulation, the inductance vs. frequency with 3, 4, and 5 turns for solenoid 
is shown in Figure 4.10 [85]. It is observed that when the inductor is embedded (placed 
between two conducting planes) the inductance drops significantly [65]. This also affects 
the quality factor Q, which is the ratio of inductance to the resistance, as shown in Figure 
4.11.  
 
Figure 4.10: Solenoidal inductor: inductance vs frequency [85] 
 
 
Figure 4.11: Solenoidal inductor: Q-Factor vs frequency [85] 
 
 Similarly, the toroid structure was simulated, and the inductance and Q-factor vs 
frequency is shown in Figure 4.12 and Figure 4.13. The solenoid inductance and Q-factor 
decrease by 35% when it is embedded, whereas the toroidal design is only affected by less 
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than 5%. Also, the toroid provides 50% more inductance, 33% higher Q-factor, for the 
same RDC. This makes the toroidal design more suitable for heterogeneous package 
integration [85].  
 
Figure 4.12: Toroidal inductor: inductance vs frequency [85] 
 
 
Figure 4.13: Toroid inductor: Q-Factor vs frequency [85] 
 
In both the solenoid inductor scenarios – surface and embedded, the conduction 
planes reduce the field intensity and decreases the inductance. For both toroidal inductor 
scenarios, the conduction planes do not have a significant impact over the field intensity, 
as most of the energy is stored inside the toroid.  
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Therefore, a novel toroid inductor is designed for low and high frequency 
applications, which shows superior performance compared to the planar and solenoid 
designs (see support acknowledgements in the end).  The basic toroidal cell of the inductor 
is shown in Figure 4.14. The core of the cell is the magnetic sheet with through vias that 
connect the top and bottom traces. A via (conductor line) is the simplest structure that has 
a close magnetic field. The magnetic field is produced by the vias and is shaped to look 
like an elongated toroidal inductor [86].  
 
Figure 4.14: Basic toroidal inductor cell 
 
The inductor cell presents a toroidal field distribution (Figure 4.15). This basic toroid 
cell can be extended to increase the number of toroidal inductors with minimum number 
of features. The magnetic field is not only contained within the magnetic core, but is also 
conformed around the inductor cell, even if the magnetic core used is much larger. This 
toroid design is referred to as ‘interleaved toroid’ or ‘via expandable interleaved toroidal 




Figure 4.15: Inductor magnetic field distribution 
 
Next, 3D toroid inductors were designed to achieve the objectives for low and high 
frequency applications. Four toroidal configurations were designed, each differ in size by 
extending the inductor cell in the X and Y direction. These are shown in Figure 4.16. The 
designs include a shunt which allows for meausurement of the inductor properties using a 
VNA. As discussed earlier, properties of MPC 1 are used for designing low frequency 
application inductors and MPC 2 properties are used for high frequency application 
inductors.  
 
Figure 4.16: Four configurations of toroidal base cell 
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The trade off is between the DC resistance, inductance, inductance density, and 
saturation current. Each design is suitable for a particluar application frequency. For low 
frequency application of 12V to 1V conversion ratio, the single inductor configuration (c) 
and (d) are found to give the required results, shown in Figure 4.16. The entire inductance 
from the structure is attributed to the vias. The inductors that have been fabricated in this 
work are shown in Figure 4.17. The inductance due to the traces on the top and bottom is 
negligible. The simulated vs. objectives for these configurations are discussed in Table 4.5 
and Table 4.6. 
 
Figure 4.17: Inductor configurations for low and high frequency applications 
 
Table 4.5: Designed toroid inductor for low frequency application (MPC 1) 
 
 Low Frequency – MPC 1 (1 - 10 MHz) 
Metrics Objectives Configuration A Configuration B Configuration C 
Inductance (nH) 45 22.23 38.10 52.8 
Inductance (nH/mm2) 10-20 10.8 13.25 17.11 
DC resistance (mΩ) 5-20 6 10.2 12 
Thickness (mm) 0.5 0.170 0.170 0.170 







Table 4.6: Designed toroid inductor for low frequency application (MPC 3) 
 
 Low Frequency – MPC 3 (1 - 10 MHz) 
Metrics Objectives Configuration A Configuration B Configuration C 
Inductance (nH) 45 13.02 22.27 30.8 
Inductance (nH/mm2) 10-20 6.5 7.2 11 
DC resistance (mΩ) 5-20 6.6 11.4 13.3 
Thickness (mm) 0.5 0.3 0.3 0.3 
Surface area (mm2) - 1.8x1.15 2.7x1.15 1.8x1.7 
 
For high frequency application of 3.3V to 1V and 1.7V to 1V conversion ratios, the 
single inductor design simulated is shown in Figure 4.15. The simulated vs. objectives for 
these configurations are discussed in Table 4.7. 
Table 4.7: Designed toroid inductor for high frequency application (MPC 2) 
 
 High Frequency – MPC 2 (100 - 140 MHz) 
Metrics Objectives Configuration A Configuration B Configuration C 
Inductance (nH) 6-20 4.2 8.0 11.75 
DC resistance (mΩ) 5-20 5.5 8.6 9.7 
Thickness (mm) 0.5 0.170 0.170 0.170 









4.3 Summary  
This chapter discusses the concept behind electromagnetic modeling of inductors to 
meet the objectives set in Chapter 3 for low and high frequency applications. The designs 
require a trade off between the number of inductor windings and the thickness of winndings 
in order to optimize the inductance density and DC resistance. Air gaps are introduced to 
improve the current handling, but it degrades the inductance. The EM modeling is affected 
by eddy current losses, skin effect and proximity effect. These parameters are optimized 
using FEM.  
Different inductor topologies are desgined: planar, solenoid and toroid inductors. 
The simulated results show that inductors with spiral structure barely meet the required 
objectives. Inductors with solenoid structure show a slightly better performance than planar 
structures. On embedding, toroid inductors show the best performance compared to the 
other topologies. The solenoid inductance and Q-factor decrease by 35% when it is 
embedded, whereas the toroidal design is only affected by less than 5%. Also, the toroid 
provides 50% more inductance, 33% higher Q-factor, for the same RDC. This makes the 
toroidal design more suitable for heterogeneous package integration. Therefore, the major 
focus of the next chapter is on the fabrication and characterization of toroid inductors in 
order to achieve low and high frequency objectives.   
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CHAPTER 5. INDUCTOR FABRICATION AND 
CHARACTERIZATION 
This chapter discusses the basics of inductor fabrication via the semi-additive 
process (SAP). It describes fabrication process flow and characterization of planar and 
solenoid inductors. For the proof of concept of the interleaved toroid inductors, a substrate 
compatible novel process was established. Details of the fabrication processes are also 
presented. The electrical characterization of the fabricated inductors is performed to 
demonstrate the advantages of the toroidal structure. The measured performance results of 
fabricated inductors are compared to the simulated results to demonstrate the performance 
improvements with the proposed designs, materials and stack up. This validates the 
accuracy of FEM models and unique approach proposed in this work.  
5.1 Microfabrication technologies  
There are different microfabrication processes to form copper windings. Depending 
on the critical dimensions in the structures, these processes can be modified in order to 
fabricate the designed inductors.  
The technologies in the marketplace to enable heterogeneous integration are 
subtractive etching process, semi-additive process (SAP) and damascene process. The 
simplest method is the subtractive patterning. It does not require a seed layer plating. But 
it results in tapered side walls with high impedance.  The SAP method deposits a seed layer 
which is followed by electrolytic plating in order to form copper windings. The copper 
pattern is developed using a photoresist which transfers the circuit design from a mask to 
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the substrate. After metallization, the seed layer is removed using an etchant. With high 
resolution photolithography and optimized seed layer etch, this method has been 
demonstrated down to 1.6 μm pitch on organic interposers [87] and can achieve an I/O 
density of about 40 IOs/mm/layer [88]. The three process flows are shown in Figure 5.1. 
 
Figure 5.1: Process flow for (a) semi-additive patterning (b) subtractive patterning 
(c) Damascene process 
 
However, the challenges associated with SAP process include: (i) rough surface due 
to the desmear of the polymer (ii) trace delamination due to narrow contact area (iii) copper 
trace electroplating height non-uniformity and (iv) thin dielectric film lamination to 
achieve planar surfaces for multi-layer RDL. The Damascene process etches vias and 
patterns using the deep reactive ion etching. Since this process eliminates copper etch, it 
results in highly precise sub-micron lines and spaces. This technology can scale to I/O 
densities of greater than 200 I/Os/mm/layer, at relatively higher costs [89]. However, they 
have high resistance and low line length for chip-to-chip interconnections.  
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5.2 Electrical characterization set-up 
For the inductance measurement, RF probes ACP40-GSG-500 from Cascade 
MicrotechTM were used. To measure in the range of 10 MHz and 500 MHz, a VNA from 
Agilent TechnologiesTM model E8363B was used, shown in Figure 5.2.  
 
Figure 5.2: (a) VNA-probe set-up for inductance characterization (b) VNA (c) 
multimeter for RDC measurement 
 
To measure in the range of 1 MHz to 50 MHz an open source low frequency VNA 
was used. To measure the DC resistance a 4-wire method with DC probes DCP-150K-50 
and multimeter from Hewlett Packard model 34401A was used, shown in Figure 5.2. The 
inductance is extracted by converting S-parameter into Y-parameter after 2-port 




𝐿𝐿 =  
𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚( 1𝑌𝑌 − 𝑝𝑝𝑚𝑚𝑟𝑟𝑚𝑚𝑚𝑚𝑖𝑖𝑡𝑡𝑖𝑖𝑟𝑟)
2𝜋𝜋𝜋𝜋
 (19) 
Where, 𝑌𝑌 is the measured Y-parameter, 𝜋𝜋 is the frequency and 𝐿𝐿 is the inductance. 
5.3 Fabrication and electrical characterization of inductor topologies 
The different microfabrication processes discussed are modified and optimized for 
the designed inductor topologies, in the subsequent sections. 
5.3.1 Planar inductor 
Planar inductors have thick copper traces. This makes subtractive patterning the 
preferred process for fabrication. While the process is less time consuming, the copper 
traces are etched vertically as well as horizontally. This is because liquid etchants have low 
selectivity and form an undercut such that the top trace is narrower than the bottom. The 
resulting DC resistance is lower due to smaller cross-sectional area [90]. Therefore, the 
SAP process is chosen for the fabrication of planar inductors. 
In this process, no organic substrate is utilized. The fabrication starts by laminating 
a 100 μm magnetic sheet with 10 μm dielectric at 100 °C and 0.3 MPa for 60s. The 
dielectric film is cured in an oven at 130 °C for 30 minutes to assist polymer flow and 180 
°C for another 30 minutes to assist the formation of cross-linking in the dielectric. A copper 
seed layer is deposited by PVD. First a 50 nm layer of titanium, followed by a 150 nm layer 
of copper seed layer is deposited. Next, the copper windings are formed by Ultraviolet 
(UV) lithography with a 25 μm photoresist followed by electroplating. Another 100 μm 
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thick magnetic sheet with dielectric is laminated onto the copper windings. Layers of 
dielectric is used to ensure planarization. UV laser was used for via-in-via drilling to access 
the metallization for probing, testing and forming redistribution layers (RDL) for package 
integration. The process flow is summarized in Figure 5.3.  
 
Figure 5.3: Fabrication process flow for planar inductor with magnetic core 
 
Planar inductors were fabricated using both the low and high frequency material for 
all the designed topologies. The fabricated inductor is depicted in Figure 5.4. These were 
characterized using the set-up as discussed earlier. The measured inductance for the low 
frequency application is ~112 nH at 10 MHz for an inductor area of 9 mm2, and the DC 




Figure 5.4: (a) Top view of fabricated planar inductor for low frequency applications 
(b) cross-section of fabricated planar inductor for high frequency applications 
 
The fabricated value shows a very good correlation to the simulated value since the 
copper windings are thick and wide and do not require via filling. Formation of such 
windings is easier and results in a low RDC value.  Similarly, the measured inductance for 
the high frequency application is ~18.62 nH at 100 MHz, and the DC resistance is measured 
to be ~4.72 mΩ, compared to a simulated RDC of 4.7 mΩ. The simulated and measured 
values for planar inductors are compared in Table 5.1 for low and high frequency 
applications. 
Table 5.1: Comparison of measured and simulated values for planar inductors 
 
 Low Frequency – MPC 1 
(1 - 10 MHz) 
High Frequency – MPC 2 
(100 - 140 MHz) 
Metrics Objectives Simulation Measured Objectives Simulation Measured 
Inductance density 
(nH/mm2) 10-20 10.5 12.38 6 7.27 7.9 
DC resistance (mΩ) 5-20 10.0 9.83 5-20 4.74 4.72 




5.3.2 Solenoid inductor   
In the case of solenoid inductors, the copper windings are wound around the 
magnetic sheet. However, the core is formed by an organic substrate which holds the 
magnetic sheet. This structure requires via filling in order to form the copper windings. 
The SAP process is modified and optimized for the same, shown in Figure 5.5. The 
magnetic sheet is cut into small bars. Cavities are made in an organic substrate by CO2 
drilling.  A 50 μm dielectric was laminated on one side of the organic substrate at 100 °C 
and 0.3 MPa for 60s. The magnetic bars and placed within the cavities.  
 






This is followed by lamination of another 50 μm dielectric on the other side at the 
viscoelastic temperature such that the dielectric flows in the cavity. After curing, vias are 
drilled using the UV laser (6 W power) in the cured polymer. Without the side cavities, 
vias need to be drilled in organic substrates, which require much more power to be drilled 
through. This step is shown in Figure 5.6. For solenoid structures, the vias need to be filled 
with copper forming the windings. PVD of seed layer will not deposit the copper 
conformally along the via sidewalls. In this case, the seed layer is deposited by electroless 
method. Electroless deposition is preferred for high-aspect ratio cores and via filling.  
 
Figure 5.6: Laser-drilled vias on dielectric films 
 
After this, photoresist is laminated on both sides in order to expose the vias and 
pattern traces connecting the vias on the top and bottom. This is followed by electroplating 
for metallization of vias, photoresist stripping and seed layer etching. Solenoid inductors 
were fabricated using both the low and high frequency material for all the designed 
topologies. Figure 5.7 shows the cross-section of the solenoid inductor fabricated with 




Figure 5.7: Top view and cross-section of fabricated solenoid inductor for (a) low 
frequency applications (MPC 1) (b) high frequency applications (MPC 2) 
 
The measured inductance density for the low frequency application is 13.5 nH/mm2 
at 10 MHz for an inductor area of 3.5 mm2, and RDC is measured to be 18 mΩ, compared 
to a simulated RDC of ~ 15 mΩ. This is because the designed copper thickness is 50 μm 
with filled vias, whereas conformal windings of 25 μm thickness were fabricated. In order 
to reduce the RDC, the vias must be filled completely or the conformal windings must be 
made thicker.  
Similarly, the measured inductance density for the high frequency application is 8 
nH/ mm2 at 100 MHz, and the DC resistance is measured to be 20 mΩ, compared to a 
simulated RDC of 13 mΩ. The simulated and measured values for solenoid inductors are 
compared in Table 5.2 for low and high frequency applications. 
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Table 5.2: Comparison of measured and simulated values for solenoid inductors 
 
 Low Frequency – MPC 1 
(1 - 10 MHz) 
High Frequency – MPC 2 
(100 - 140 MHz) 
Metrics Objectives Simulation Measured Objectives Simulation Measured 
Inductance density 
(nH/mm2) 10-20 11.0 13.5 6 7.92 8.0 
DC resistance (mΩ) 5-20 14.94 18.0 5-20 13 20 
Thickness (mm) 0.5 0.27 0.18 0.2-0.3 0.23 0.16 
 
 
5.3.3 Interleaved toroid inductor  
Inductors with a high inductance density but low DC resistance entails a trade-off 
between the thickness and number of copper windings. Inductors with high inductance 
density can be easily achieved with large number of windings. This inevitably leads to a 
large form factor and high DC resistance. A low resistance is imperative for power modules 
to reduce joule heating and stresses induced in the package due to thermal loading.  
By incorporating advanced high-permeability magnetic composites as the core, the 
inductors can achieve high-inductance density without the need for large number of 
windings. Magnetic-core toroid inductors were designed for high conversion ratio 
converters and to ensure package embedding and thereby reduce interconnection lengths 
and associated parasitics.  
It was shown in Chapter 4, that the toroid design shows best performance towards 
achieving the target objectives. The major focus of this is on the demonstration of these 




Unlike the planar and solenoid inductors, the toroid is truly embedded and does not 
have any organic substrate or carrier. The inductor can be directly fabricated in the 
magnetic sheet, and the sheet itself can be assembled directly in the IVR module, shown 
by the dotted area in Figure 5.8. This saves real estate in the module which is occupied by 
the organic substrate in other topologies.  
 
Figure 5.8: Power distribution network with embedded inductor incorporating 
magnetic core 
 
Like the fabrication of solenoid inductors, toroidal designs also require via drilling 
and filling. This is to be fabricated using a magnetic sheet as substrate. In this, substrate 
slots are first drilled to make sure no magnetic material is between the vias and the coupling 
between them is maximized. This is important to achieve coupled inductors at this level of 
integration. The slots are then filled with dielectric and the vias are drilled in the slots to 
form the inductor. As explained earlier, the inductance of the structure is mostly due to the 
vias, the top and bottom traces have a negligible contribution to the total inductance of the 











First a magnetic sheet is used as the substrate/core and ellipsoidal slots are drilled 
with a femto-second laser (steps 1 and 2). The femto-second laser thermally ablates the 
material by impinging excited electrons on the core surface that ionizes the material. The 
material evaporates in the form of plasma, creating the desired pattern. The size of the slots 
is controlled by optimizing the laser power, speed and drill repetitions. Figure 5.10 shows 
the initial attempts at drilling slots in the core, by only increasing the number of laser 
pulses. The process was optimized by pulsing laser repeatedly at high speeds in incremental 
steps, downward (z direction) through the core, keeping the laser power low. This prevents 
local heating of the material, which causes burning of the edges and flaking of magnetic 
particles in the core. The thickness of the core controls the accuracy and cleanliness of the 
slot. As expected, thicker cores need high power for the through slots, causing more error 
in the cuts. Figure 5.10 shows the slots drilled using the optimized drilling process. 
 
Figure 5.10: Top view of (a) initial slots in the core showing burnt edges and flaking 
of magnetic particles, due to thick core, high laser power and low speed (b) slots in 
core using optimized laser drilling process 
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In step 3, the slots are filled with a 15 μm ABFTM dielectric film, by hot pressing 
under vacuum at the viscoelastic temperature of the dielectric, allowing it to flow into the 
slots. Thicker cores require thicker films to fill the slots completely in order to avoid voids 
and sagging of the dielectric within the slots. Next (step 4), the vias are laser drilled in the 
polymer-filled slots (via-in-via drilling). This allows the vias to be separated from each 
other by dielectric, leading to a toroidal structure around the top and bottom copper traces 
through the isolated vias. Therefore, the vias need to be perfectly aligned within the slot. 
This process was optimized in a similar fashion as the slots. The top view of the vias drilled 
in the polymer-filled slots are shown in Figure 5.11.  
 
Figure 5.11: Top view of (a) initial vias in the polymer filled slots showing burnt edges 
and misalignment (b) vias in slots using optimized laser drilling process 
 
In step 5, a thin layer of electroless copper seed layer is deposited. This is followed 
by UV lithography process, where a negative photoresist is vacuum laminated over the 
copper seed layer (step 6) and a positive mask is used to pattern the top and bottom layers 
(step 7). A problem encountered while lamination and development of the photoresist was 
the clogging of the photoresist inside the vias. The development solution was unable to 




Figure 5.12: Cross-section depicting incomplete plating and no connection between 
top and bottom traces due to photoresist clogging 
 
This resulted in no connection between the top and bottom traces, depicted in cross-
section shown in Figure 5.12. To avoid this, the photoresist was hot rolled at low 
temperature and pressure. This formed an air bubble in the middle of the vias, preventing 
the photoresist from clogging them, shown in Figure 5.13.  
 
Figure 5.13: Cross-section of (a) photoresist in vias due to vacuum lamination (b) hot 
rolled photoresist to prevent via clogging 
 
The photoresist is removed (step 8) and the inductor pattern becomes visible as 
shown in Figure 5.14. Then the copper top layer, bottom layer, and vias are electroplated 
(step 9). The remaining photoresist is stripped. The plated copper is annealed to remove 
residual copper stress and finally the copper seed layer is etched using a differential etching 




Figure 5.14: Top and bottom view after the photoresist development, exposing copper 
seed layer 
 
Figure 5.15 shows one of the inductor configurations after the fabrication. The 
simulation model in ANSYS HFSS was adjusted to match the fabricated results. 
 
Figure 5.15: Top and bottom view of one of the fabricated inductor configurations, 
adjusted simulation of the fabricated inductor design (MPC 1) 
 
 
Several processing challenges were encountered during the fabrication. Cross-
sections were taken to study the challenges. Figure 5.16 shows two directions along which 
cross-sections. The first challenge is the formation of conformal vias as could be seen from 





Figure 5.16: Cross-section directions of fabricated inductor using MPC1 
(configuration C) 
 
After electroplating for 90 minutes, the large vias with diameters of ~100 μm could 
not be filled. It is possible to completely fill the vias with longer electroplating time or 
changing the plating bath. However, this requires electroplating solutions with specific 
additives that suppress the growth of copper on the surface and promotes the growth of 
copper inside the vias, which out of the scope of GT-PRC facilities.  
 
Figure 5.17: Fabricated inductor cross sections of MPC 1 along (a) slot direction (b) 
via direction showing conformal windings formation 
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The average copper thickness from the via cross-section is found to be 25 μm. 
Another way to completely fill the vias is to use copper paste, by using vacuum to suck the 
paste into vias using a squeegee followed by sintering to remove organics. The third 
challenge is the tapering of vias. This is because thermal ablation is higher at the surface 
as the beam travels downward through the core. Higher local heating spots on the surface 
leads to larger via opening on the top surface as compared to the bottom. To avoid tapering, 
two-side drilling can be optimized. The alignment marks need to be through the core for 
precise location of the vias from the bottom.  
Once the process was optimized, the two toroid inductor configurations designed in 
Chapter 3 were fabricated for MPC 1 and 3. The electrical characterization was conducted 
as explained earlier. Figure 5.18 shows the fabricated inductor using MPC 1 with structures 
for shunt measurements and DC probe measurements.  
 
Figure 5.18: Electrical characterization of MPC 1: probes setup for measurements of 




Figure 5.19 shows the inductor layout fabricated with MPC 1 which meets the 12V 
to 1V requirement and its corresponding inductance and AC resistance measurements. It 
shows a good correlation between the simulation model and the measurements using the 




Figure 5.19: Comparison between simulated and measured inductance and resistance 
for MPC 1: configuration C 
 
The measured value of inductance is seen to be higher than the simulated value 
below 10 MHz. This can be attributed to variation in the measured permeability value 
below 10 MHz which was used for the extraction of the inductance. This is because the 
equipment shows a lot of noise below 10 MHz.  
Similarly, the remaining inductors were characterized for MPC 1 and MPC 3, as 




Table 5.3: Comparison of simulated vs. measured DC resistance values for MPC 1 
and MPC 3 
 
RDC MPC 1 MPC 3 
 Simulated Measured Simulated Measured 
Configuration A 6 10.5 6.6 10.2 
Configuration B 10.2 14.8 11.4 15.0 




Figure 5.20: Comparison between simulated and measured inductance and resistance 





Figure 5.21: Comparison between simulated and measured inductance and resistance 
for MPC 3: configuration A and configuration B  
 
The performance of MPC 1 and MPC 3 for low frequency conversion ratios 
measures up to the required inductance values determined in Chapter 3. The toroid 
configurations give much higher inductance densities and low DC resistance for smaller 




Figure 5.22: Figure 5.21: Comparison between simulated and measured inductance 
and resistance for MPC 3: configuration C 
 
5.4 Summary 
Fabrication of the designed planar, solenoid and toroid inductors is presented in this 
chapter. Various processes for microfabrication of the composite structure were explored. 
The frequency response of inductance and DC resistance are characterized as well. It was 
observed that the planar inductors showed the required inductor performance, with 
comparatively simpler fabrication process. However, it suffers from the formation of 
undercuts due to copper etching. The solenoid and toroid inductors were fabricated by SAP 
process, which gave higher inductances compared to the planar but had several processing 
limitations. The formation of conformal windings instead of fully filled vias was observed, 
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which resulted in a higher than expected DC resistance. Compared to the solenoid 
inductors, the interleaved toroids show a much higher inductance density at smaller 
inductor sizes and thickness profiles. The inductance density for low frequency voltage 
conversion was found to be 17.5 nH/mm2 with a DC resistance of 16 mΩ for an inductor 
size. of 1.8 mm x 1.7 mm x 0.179 mm This makes the toroid design the better choice for 
embedding and package integration. The measured values were found to correlate well 
with the simulated values in Chapter 4. This shows that the integration of magnetic cores, 
combined with materials with high permeability, low loss and high frequency stability can 




CHAPTER 6. SUMMARY AND FUTURE WORK 
This chapter summarizes the overall research work carried out in this work, to design 
and demonstrate a miniaturized, substrate-embedded inductor with high inductance density 
and low DC resistance for different voltage conversion applications. An IVR efficiency 
analysis was conducted in order to determine the required inductor performance for one 
step converters. This will allow the next generation of data centers and servers to operate 
with higher efficiency while delivering more computing power.  The critical parameters 
governing the size and performance of power inductors are its inductance density and 
power handling capability. These parameters are determined by the permeability (μ) and 
saturation magnetization (Ms) of the inductor core materials. The material is needed to 
have a high permeability, low loss and high frequency stability. Based on the required 
material properties, two magnetic materials were synthesized. From the IVR analysis and 
synthesized material properties, inductor topologies were designed using finite-element 
based electromagnetic simulations. Out of the topologies that were designed and fabricated, 
the interleaved, embedded toroid inductor gives the maximum inductance at small 
footprints.  
In summary, this work highlighted the importance of incorporating magnetic sheets 
as cores for embedded inductors. Directions for future work are briefly discussed to build 
upon these preliminary results and demonstrate a working inductor for 48V to 1V switching 
frequency power module. Based on the objectives defined in Chapter 1, three technical 
challenges were defined along with their associated research tasks. These research tasks 
performed to address the challenges are summarized in Table 6.1. 
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Need materials that have trade-off 
between high permeability and frequency 
stability  
Model and design magnetic-cores with 
high permeability, low loss and good 
stability at high frequencies  
Inductor Challenge 
Inductor design for substrate-embedded 
inductors high inductance & current 
handling with low DC resistance. 
 
Model embedded inductor topologies 
that meet inductance density, DC 
resistance requirements for an IVR 
efficiency of 95 % at different 
conversion ratio applications 
Integration Challenge 
Lack of fabrication process to embed 
inductors 
Develop innovative process to fabricate 
and embed inductors into the substrate 
 
6.1 Summary of task 1 results 
An IVR efficiency analysis was conducted to determine the required inductor 
performance by way of analyzing the inductor waveform. The required inductance and DC 
resistance for obtaining an inductor efficiency of 95% were established for 48V-1V, 12V-
1V, 3.3V-1V and 1.7V-1V conversion applications. Based on these parameters, the 
required material properties were extrapolated. Metal polymer composites were chosen to 
be the magnetic cores due to high permeability, low loss tangent and good frequency 
stability. Two materials were synthesized to meet the specifications. A spherical particle 
size of less than 30 μm is chosen to be mixed with epoxy resin, with different filler leadings. 
The composites were scaled up to obtain composite sheets with a thickness of 100 μm. An 
inductance vs duty cycle analysis was conducted for the synthesized materials which 
established that the material with high permeability of 150 at low frequency can be used 
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for 12V-1V applications and material with low permeability of 25 at 100 MHz and high 
frequency stability is better used for low voltage conversion ratios. Using the LLG 
equation, the permeability vs frequency response for a known material in the market was 
modeled, to give a good correlation to the actual permeability response as reported. For a 
proposed future work, the LLG model was further used to model new materials with 
properties better suited for the 48V-1V and 12V-1V applications.  
6.2 Summary of task 2 results 
This task focused on the electromagentic design of different inductor topologies in 
order to meet the required inductance and DC resistance values determined from the 
previous task. The basic magnetic cirucit concepts that dictate different effects determing 
inductor performance were discussed. Larger number of windings increase the inductance, 
but also results in an increase in the DC resistance. Thicker windings increase the DC 
resistance. However, the skin effect plays an important role in the eddy current effect and 
losses. Higher eddy currents increase the AC resistance. It is observed that air gaps are 
introduced to improve the current handling, but it degrades the inductance. Therefore, the 
designs require a trade off between the number of inductor windings and the thickness of 
winndings in order to optimize the inductance density and DC resistance. The design takes 
into account all the parameters.  
Different inductor topologies are designed: planar, solenoid and toroid inductors. 
Planar topologies show a high current handling but at the expense of low inductance 
density. They were designed to have an average inductance density of 12 nH/mm2, DC 
resistance of 10 mΩ from an inductor surafce area of 9 mm2. Solenoid inductors provide 
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higher inductances. On embedding, toroid inductors show the best performance compared 
to the other topologies. The solenoid inductance and Q-factor decrease by 35% when it is 
embedded, whereas the toroidal design is only affected by less than 5%. Also, the toroid 
provides 50% more inductance, 33% higher Q-factor, for the same DC resistance. This 
makes the toroidal design more suitable for heterogeneous package integration.  
6.3 Summary of task 3 results 
In this task, several microfabrication processes were explored and a novel process 
to fabricate and integrate the designed inductors was developed.  The frequency response 
of inductance and DC resistance are characterized as well. Planar inductors do not need a 
support substrate, the magnetic sheet itself acts as the base core. In this, the copper 
windings are sandwiched between two magnetic sheets. These were fabricated by the SAP 
process. However, undercuts were formed which affected the DC resistance of the 
structures. The planar inductors show an average inductance density of 12.38 nH/mm2 with 
a DC resistance of 9.8 mΩ for an inductor size of 9 mm2, for high voltage conversions. For 
low conversion voltages, they show an average inductance density of ~ 7.9 nH/mm2 with 
a DC resistance of 4.72 mΩ for an inductor size of ~ 3 mm2. The size needed for low 
voltage applications is less because the inductance requirement is very low.  
For solenoid inductors, a cavity-embedding approach was employed to achieve the 
objective. In this approach, the magnetic bars were embedded in cavities made in an 
organic substrate. The organic substrate forms the base core of the structure. As compared 
to the standard surface-mounted technology, this truly integrates inductors into substrates 
without adding any additional height to the architecture. The difference between the toroid and 
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solenoid is that there is no need for an additional organic substrate in the toroid structure. Both 
solenoid and toroid require fully filled vias for forming the copper windings for the formation 
of the copper-magnetic-copper topology. However, processing challenges encountered was the 
formation of conformal windings, which results in a higher than expected DC resistance. 
The solenoid inductors show an average inductance density of 13 nH/mm2 with a DC 
resistance of 18 mΩ for an inductor size of 2.1 mm x 1.5 mm for high voltage conversions. 
For low conversion voltages, they show an average inductance density of 8 nH/mm2 with 
a DC resistance of 20 mΩ for an inductor volume of 3 mm x 2 mm.  
The inductance density for low frequency voltage conversion toroids was found to 
be 17.5 nH/mm2 with a DC resistance of 16 mΩ for an inductor volume of 1.8 mm x 1.7 
mm x 0.179 mm. Compared to the solenoid inductors, the interleaved toroids show a much 
higher inductance density at smaller inductor sizes and thickness profiles. The toroid design 
is the better choice for embedding and package integration. There was a good correlation 
between the measured and simulated values. This shows that the integration of magnetic 
cores, combined with materials with high permeability, low loss and high frequency 
stability can help improve the inductor performance while keeping the footprint low. 
6.4 Future work 
This research demonstrates substrate-integrated miniaturized inductors with high 
inductance and low DC resistance. The inductors show high efficiency of 10 nH/mΩ and 
a low thickness of 190 μm. The inductors demonstrated in this work lower the thickness, 
integrating the power module closer to the SoC. This lowers the parasitics increasing the 
power delivery network efficiency. Magnetic cores with high permeability, low loss and 
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high frequency stability combined with novel interleaved toroid topology and fabrication 
process are crucial to realize high efficiency inductors for package-integrated IVR. The 
inductor performance can be further enhanced by further advances in materials and design. 
The following directions are suggested for future research in this area: 
• Magnetic materials: In order to realize inductors for 48V to 1V switching applications, 
materials with high permeability, high roll offs are needed. The permeability should be 
around 90 at 10 MHz with a loss tangent of 0.033. Such materials have been modeled 
for future work in this research. In order to synthesize these materials, trade-off must 
be made between the filler loadings, particle shape, size and material type.  
• Coupled and tapped inductor designs: Innovative inductor structures with coupled 
or tapped toroid designs need to be analyzed to improve inductance density and current 
handling without the need for thick inductor cores.  
• Processing of fully-filled vias:  Challenges with conformal vias need to be addressed 
while fabricating inductor structures that require vias. Filling the vias with conductive 
paste is one solution to address this challenge. However, the residual porosity, high 
stresses and incompatible sintering temperatures causes other challenges to the inductor 
fabrication. The feasibility of various via-filling options needs to be further studied. 
The other solution is electroplating for longer times (~ 3 hours), which makes the 
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